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Abstract: An out-of-plane dimeric MnIII quadridentate Schiff-base compound, [Mn2(salpn)2(H2O)2](ClO4)2

(salpn2- ) N,N′-(propane)bis(salicylideneiminate)), has been synthesized and structurally charac-
terized. The crystal structure reveals that the [Mn2(salpn)2(H2O)2]2+ units are linked through weak H-bonds
(OHwater‚‚‚OPh) in one dimension along the c-axis, forming supramolecular chains. The exchange interaction
between MnIII ions via the biphenolate bridge is ferromagnetic (J/kB ) +1.8 K), inducing an ST ) 4 ground
state. This dinuclear unit possesses uni-axial anisotropy observed in the out-of-plane direction with
DMn2/kB ) -1.65 K. At low temperatures, this complex exhibits slow relaxation of its magnetization in
agreement with a single-molecule magnet (SMM) behavior. Interestingly, the intermolecular magnetic
interactions along the one-dimensional organization, albeit weak (J′/kB ) -0.03 K), influence significantly
the thermally activated and quantum dynamics of this complex. Thus, unique features such as M vs H
data with multiple steps, hysteresis effects, and peculiar relaxation time have been explained considering
SMMs in small exchange-field perturbations and finite-size effects intrinsic to the chain arrangement. The
magnetic properties of this new complex can be regarded as an intermediate behavior between SMM and
single-chain magnet (SCM) properties.

Introduction

In the early 1990s, the discovery of magnetization slow
relaxation in molecular complexes, calledsingle-molecule
magnets(SMMs), created a flourishing research field at the
frontier of physics and chemistry.1,2 The ultimate ambition of
this research activity is to modulate the quantum properties of
these nanosized magnets in order (i) to store and to address a
large amount of information in specialized devices or (ii) to
provide basic components for future quantum computers.3 More
recently, a similar magnetic behavior has been experimentally

observed in one-dimensional (1D) arrangements of magnetically
coupled anisotropic transition metal ions, calledsingle-chain
magnets(SCMs)4,5 that are able to keep magnet-type properties
at higher temperatures thanSMMs.5b,6At the borderline between
these two systems, chemists have developed original systems
introducing magnetic interactions betweenSMMsused indeed
as building-blocks. Original magnetic properties have been
observed such asSCM behavior,7 ferrimagnetism,8 canted
antiferromagnetism,9 two-dimensional and three-dimensional
(3D) correlatedSMM-type behavior,9,10and magnetization slow
relaxation induced by finite-size effects in antiferromagnetic 1D
systems.11 The inspiration of all these works is found in the† Université Bordeaux 1; CNRS, Centre de Recherche Paul Pascal

UPR8641.
‡ Institut Néel.
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pioneering works of W. Wernsdorfer and G. Christou who have
studied supramolecular dimers and 3D networks ofSMMs.12

They have shown that the magnetic interactions were able to
tune the dynamics of the originalSMM unit including the
quantum tunneling of the magnetization (QTM).12 This break-
through oriented our research projects toward the synthesis of
covalent and supramolecular networks ofSMMs.8-11

In order to design such systems, the choice of theSMM
building block is an important step that was guided by the need
of simplicity in terms of its molecular structure, its magnetic
properties, and its affinity to be connected in networks. On the
basis of these requirements, we decided to organize MnIII /salen-
type dinuclearSMMsinto coordination networks and supramo-
lecular organizations in order to probe the influence of a given
arrangement on theSMM properties of this building unit.7,13

So far, numerous manganese complexes based on salen-type
ligands (H2salen) N,N′-(ethylene)bis(salicylideneimine); Scheme
1) are known, but it was only in 2004 that our group reported
on the SMM behavior of a dinuclear MnIII /saltmen species:
[Mn2(saltmen)2(ReO4)2] (H2saltmen) N,N′-(1,1,2,2-tetrameth-
ylethylene)bis(salicylideneimine); Scheme 1) (1).14 More re-
cently, similar properties have been reported in related com-
plexes: [Mn2(saltmen)2(X)2](X-)CH3COO-,N3

-), [Mn2(salen)2-
(NCO)2] and [Mn2(3,5-Brsalen)2(3,5-Brsalicylaldehyde)2] (H23,5-
Brsalen) N,N′-(ethylene)bis(3,5-dibromosalicylideneimine)).15

In this line, we have recently investigated this type of MnIII

complexes with different Schiff-base ligands in order to replace
the saltmen2- ligand used in1 and to analyze the influence of
this substitution on the magnetic properties. TheN,N′-(propane)-
bis(salicylideneiminate) ligand () salpn2-; Scheme 1) has been
one of our selected Schiff-base ligands as it can form dinuclear
complexes with MnIII ions as exemplified by [Mn2(salpn)2-
(NCS)2].16 Nevertheless, the magnetic properties of this di-
nuclear complex do not reveal the presence ofSMMbehavior.16

Herein, we report an example of 1D supramolecular organi-
zation of SMMs, [Mn2(salpn)2(H2O)2](ClO4)2 (3), and the
detailed studies of its peculiar static and dynamic magnetic
properties. This compound possesses a hydrogen-bonded chain
structure similar to the one observed in [Mn2(saltmen)2(H2O)2]-
(ClO4)2 (2). While 2 does not display aSMM behavior but an
antiferromagnetic order below 5 K induced by significant
interchain magnetic interactions,17 the present compound ex-
hibits an exchange-biasSMMbehavior characteristically induced
by the 1D arrangement of the [Mn2(salpn)2(H2O)2]2+ units. This
work illustrates how a fine-tune of the quantum properties
required for future applications can be obtained by introducing
weak inter-SMMantiferromagnetic interactions in a controlled
SMM spatial organization.

Experimental Section

Synthesis of [Mn2(salpn)2(H2O)2](ClO4)2 (3). 3 has already been
synthesized by starting from the air-oxidation of MnII(ClO4)2‚6H2O in
a MeOH/EtOH solution.18 In the present work, this synthetic approach
was improved by using a method already reported for other salen-type
ligands14,17 in order to obtain good single crystals suitable for single-
crystal X-ray diffraction. A MeOH solution (20 mL) of Mn(O2CCH3)3‚
4H2O (1.34 g, 5 mmol) was added to a 50-mL methanol solution of
H2salpn (1.41 g, 5 mmol). The dark-brown solution was then heated at
50 °C and stirred for 30 min. Just before filtration, NaClO4 (solid, 0.61
g, 5 mmol) in 80 mL of water was added to the hot solution. The filtrate
was left to stand for one week at 25°C to form green needle crystals
that were collected by a suction filtration, washed with a minimum
amount of MeOH, and dried in air (yield: 75% based on Mn precursor).
Elemental analysis (%) calcd for C34H36N4O14Cl2Mn2: C 45.10, H 4.00,
N 6.19, Cl 7.83; found: C 44.77, H 4.01, N 6.18, Cl 7.83; selected IR
data (KBr pellet, cm-1): 3375 (br), 3227 (br), 3194 (br), 2950 (w),
1611 (br,ν(CdN)), 1550 (br), 1470 (s), 1444 (m), 1405 (s), 1366 (w),
1344 (w), 1294 (m), 1267 (m), 1216 (s), 1127 (br,ν(Cl-O)), 1100
(br, ν(Cl-O)), 1072 (br,ν(Cl-O)), 963 (s), 943 (w), 926 (w), 897 (s),
856 (s), 750 (m), 623 (m), 536 (w), 503 (w), 446 (s).Caution: Although
we have not experienced any problems in this work, perchlorate salts
may be explosive and should be handled with great care.

Physical Measurements.Elemental analyses (C, H, and N) were
measured by Service Central d’Analyse of CNRS. IR spectra were
recorded in the range 400-4000 cm-1 on a Nicolet 750 Magna-IR
spectrometer using a KBr pellet. Magnetic susceptibility measurements
were performed with a Quantum Design SQUID magnetometer
(MPMS-XL). Dc measurements were conducted from 1.8 to 300 K
and from-70 kOe to 70 kOe. Ac measurements were performed at
frequencies ranging from 0.1 to 1500 Hz with an ac field amplitude of
3 Oe and no applied dc field. The measurements were performed on
polycrystalline samples (embedded in grease in order to avoid field-
induced reorientation of the microcrystals) of3. Experimental data were
also corrected for the sample holder and for the sample’s diamagnetic
contribution calculated from Pascal constants.19 Magnetization measure-
ments on single crystals were performed with an array ofµ-SQUIDs.20

This magnetometer works in the temperature range of 0.04-7 K and
in fields of up to 1.4 T with sweeping rates as high as 10 T‚s-1, along
with a field stability ofµT. The time resolution is approximately 1 ms.
The field can be applied in any direction of theµ-SQUID plane with
precision much better than 0.1° by separately driving three orthogonal
coils. In order to ensure good thermalization, the single crystals were
fixed with Apiezon grease.
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Scheme 1. salpn2-: N,N′-(propane)bis(salicylideneiminate), (b)
salen2-: N,N′-(ethylene)bis(salicylideneiminate), (c) saltmen2-:
N,N′-(1,1,2,2-tetramethylethylene)bis(salicylideneiminate)
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Crystallography. Data collection was performed on a Nonius Kappa
CCD diffractometer with a graphite-monochromated Mo KR radiation
(λ ) 0.71073 Å) at 150(2) K. A suitable crystal was affixed on a glass
fiber using silicone grease and transferred to the goniostat. DENZO-
SMN21 was used for data integration, and SCALEPACK21 corrected
data, for Lorentz-polarization effects. The structure was solved by direct
methods and refined by a full-matrix least-squares method onF2 using
the SHELXTL crystallographic software package.22 Crystal and ex-
perimental data for3: C34H36N4O14Cl2Mn2, FW ) 905.45, monoclinic
C2/c, T ) 150(2) K,a ) 19.890(4) Å,b ) 13.460(3) Å,c ) 14.700-
(3) Å, â ) 110.69(3)°, V ) 3681.7(13) Å3, Z ) 4, Dcalc ) 1.634 g‚cm-3,
F000 ) 1856, 2θmax ) 54.9°. Final R ) 0.0403 (I > 2.00σ(I)), R )
0.0661 (all data,R ) ∑|Fo| - |Fc|/∑|Fo|), wR2 ) 0.1087 (all data,
wR2) [∑w(Fo

2 - Fc
2)2/∑w(Fo

2)2]1/2), GOF) 1.034 for 259 parameters
and a total of 14182 reflections, 4194 unique (Rint ) 0.0486); equivalent
reflections were merged. Maximum positive and negative peaks in∆F
map were found to beFmax ) 0.355 e‚Å-3 andFmin ) -0.520 e‚Å-3.
Crystallographic data have been deposited at the Cambridge Data Centre
as supplementary publication no. CCDC-613071.

Results and Discussion

Synthesis and Structural Characterization. Reaction of
Mn(O2CCH3)3‚4H2O and H2salpn in methanol at 50°C followed
by addition of NaClO4 with water, yields green crystals of [Mn2-
(salpn)2(H2O)2](ClO4)2 (3) within several days (see Experimental
Section) suitable for single-crystal X-ray diffraction analysis.
This compound crystallizes in the monoclinicC2/c space group
with Z ) 4 and a chemical formula, [Mn2(salpn)2(H2O)2](ClO4)2,
analogue to2.17 The crystal structure is solely composed of a
centrosymmetrical [Mn2(salpn)2(H2O)2]2+ dinuclear part shown
in Figure 1 and two ClO4- anions that balance the charge. The
phenol functions of the Schiff-base ligand have been deproto-
nated during the synthesis and occupy the equatorial plane of
the Mn site (selected bond distances and angles are given in
the caption of Figure 1). The out-of-plane Mn axial positions
are occupied by a water molecule (O1W) and an oxygen atom
(O1A) from the neighboring [Mn(salpn)]+ unit involved in
the dinuclear complex. These two Mn-O bond distances are
significantly longer than the equatorial bonds as expected for a

Jahn-Teller distortion of Mn ions with a+III oxidation state.
In the [Mn2(salpn)2(H2O)2]2+ core, the two elongation axes are
parallel.

On the other hand, in the crystal packing, two [Mn2(salpn)2-
(H2O)2]2+ orientations can be identified and form an angle (R)
of 31° between the respective Jahn-Teller axes. The average
direction of these two Jahn-Teller orientations is pointing along
thec* axis. As shown in Figure 2, these two different complexes
are alternatively connected in one dimension along thec-axis
through two hydrogen bonds involving O1W from the axial
water molecules and O2A from the salpn2- ligand (and by
symmetry O1WA and O2) with a short O1W-O2A bond
(2.733(2) Å). The ClO4- counter anions enfold and isolate the
chains, preventing any other type of weak contacts that could
mediate magnetic interactions (Figure S1).

Static Magnetic Properties.The magnetic properties of3
have been investigated. As observed in1, theøT product (with
ø ) M/H) increases gradually from 5.85 cm3‚K‚mol-1 at 300
K to 7.7 cm3‚K‚mol-1 at 9 K, highlighting the presence of
intradimer ferromagnetic interactions (Figure 3). Below 9 K,
øT decreases abruptly to reach 4.63 cm3‚K‚mol-1 at 1.81 K,
suggesting the effect of interdimer antiferromagnetic interactions
and/or magnetic anisotropy.

In order to simulate the experimental data, the following spin
Hamiltonian has been considered:

whereJ is the intradimer MnIII-MnIII magnetic interaction,DMn

is the zero-field splitting (ZFS) parameter of a single MnIII ion,
andSz,Mn is thez component of theSMn operators. As already
employed for1, the magnetic susceptibility was calculated using

(21) Otwinowski, Z.; Minor, W.Methods Enzymol.1997, 276, 307-326.
(22) (a) Sheldrick, G. M.SHELXL97, Program for Crystal Structure Refinement;

University of Göttingen: Germany, 1997. (b) Sheldrick, G. M.SHELXS97,
Program for Crystal Structure Solution; University of Go¨ttingen: Germany,
1997.

Figure 1. ORTEP drawing of the cationic part of3 (thermal ellipsoids set
at 30%). H atoms and ClO4- counter anions were omitted for clarity.
Selected bond distances [Å] and angles [deg]: Mn(1)‚‚‚Mn(1A) 3.258(5),
Mn(1)-O(1) 1.9105(2), Mn(1)-O(2) 1.8897(2), Mn(1)-N(1) 2.017(2), Mn-
(1)-N(2) 1.991(2), Mn(1)-O(1A) 2.3407(2), Mn(1)-O(1W) 2.1890(2),
O(1WA)-Mn(1)-O(1) 172.91(7), O(1)-Mn(1)-O(1A) 80.42(7), Mn(1)-
O(1)-Mn(1A) 99.58(7) (with #A indicates the-x, -y + 1, -z symmetry
operation).

Figure 2. View of the 1D hydrogen-bond network of3 along thec-axis
and the formation of a supramolecular chain motif. C and H atoms of the
salpn2- ligand and ClO4

- anions were omitted for clarity.

Figure 3. øT vs T plot for 3 (polycrystalline sample) under 1 kOe. (Inset)
M vs H plot for 3 at 1.81 K. The blue lines represent the best simulations
obtained with the models described in the text.

H ) - 2J(SMn1‚SMn2) + DMn(Sz,Mn1
2 + Sz,Mn2

2)
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a general procedure (MAGPACK program)23 includingJ, DMn,
andg parameters and treating intercomplex interactions (J′) in
the frame of the mean-field approximation.14 It is worth
mentioning here thatJ′ is likely mediated by the hydrogen bonds
described in the structural part, as no other weak contact has
been identified between [Mn2(salpn)2(H2O)2]2+ units. In the
whole range of temperatures, the experimental data are very
well simulated by the above model, in particular below 20 K.
The best set of parameters found isJ/kB ) 1.8(1) K,DMn/kB )
-4.5(2) K, J′/kB ) -0.04(1) K andg ) 1.96(1) (blue line in
Figure 3). TheJ, DMn, andg values are typical of this type of
dinuclear complex that possesses anST ) 4 ground state.14,17

Using these parameters, the energy gap created by the zero-
field splitting effect, i.e., the anisotropy, on the ground state
can be estimated at 26.4 K (∆A) (Figure S2), and thus the
effectiveDMn2 for the whole complex should be-1.65 K. The
presence of a significant anisotropy is confirmed by theM vs
H data at 1.81 K (inset of Figure 3). Indeed at 7 T, the
magnetization of the polycrystalline sample is still not com-
pletely saturated as expected when
the magnetic anisotropy is large. The theoretical magnetization
field dependence at 1.81 K calculated from the obtained
magnetic parameters (blue line in the inset of Figure 3)24 agrees
well with the experimental data and thus confirms the
coherence of the model. At this stage of the magnetic property
investigation, the 1D arrangement of [Mn2(salpn)2(H2O)2]2+

units made by the hydrogen bonds (see structural part) can be
magnetically viewed atT ) 0 K as a chain of antiferro-
magnetically coupledST ) 4 anisotropic spins. For the following
discussion, it is also important to keep in mind the presence of
two dimer orientations possessing their own anisotropy direction
(Jahn-Teller axis) along the chain. Therefore, the spins are
indeed canted in the chain arrangement (with a splitting angle,
R, of 31° and at(15° from the c* axis in the bc* plane) as
shown in Scheme 2.

Slow Relaxation of the Magnetization: Quantum Dynam-
ics Seen by dc Measurements.In order to probe the possible
slow relaxation of the magnetization in3, measurements below
1.8 K have been performed using aµ-SQUID apparatus. Below
1.4 K, M vs H data measured in the easy direction (c*) of an

oriented crystal (Figure 4) exhibit hysteresis phenomenon (i.e.
slow relaxation of the magnetization) with marked steps that
become temperature independent below∼0.5 K. While theSMM
behavior of the isolated dinuclear [Mn2(saltmen)2]2+ unit in 1
reveals only one step in zero field (Figure S3) due to fast ground-
stateQTM,14 three steps at 0 and(0.32 T ((H1) are clearly
present for3 (Figure 4). In manySMMs, resonantQTMbetween
the ground state and excitedmS levels can be detected on the
M vsH data with the observation of regularly spaced steps (∆H
) |DST|/(gµB)).1 Due to the presence of two complex orientations
in 3, ∆H becomes|DMn2|/(gµB cos(R/2)) and can be estimated
at 1.3 T based on the above estimation ofDMn2 (-1.65 K) and
the R angle (31°). Obviously, this value is too large in
comparison toH1 (or 2H1) to invoke resonantQTM in the
explanation of the present features. Therefore, crystal packing
effects in their general sense have to be considered in order
to understand this peculiar behavior. Indeed, similar steps
have also been observed in systems that possess magnetic
exchange betweenSMMunits.10,12Nevertheless, it is noteworthy
that such a three-step feature has never been observed in these
compounds.

However, the phenomenological model developed for a 3D
network ofSMMsin ref 12b can explain the presence of a step
at -H1 with nonvanishing magnetization followed by steps at
H ) 0 andH1 (Figure 5, red curve) if the 1D arrangement of
[Mn2(salpn)2(H2O)2]2+ units (Figure 2) is taken into account.

(23) Borrás-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B.
S. J. Comput. Chem.2001, 22, 985-991.

(24) The simulation of theM vs H data at 1.8 K has been performed usingJ/kB
) 1.8 K, DMn/kB ) -4.5 K, andg ) 1.96. It is worth noting thatJ′ has
been neglected in the simulation of these data for simplicity and also because
its value is too small to change the theoretical curve at high field. Therefore,
this simplified model confirms well the amplitude of theJ, DMn, and g
parameters. The small theory/experiment discrepancy at low field also
supports the presence ofJ′.

Scheme 2. Schematic View at 0 K and without Applied Field of
the Chain Arrangement in the bc* Plane, Emphasizing the Spin
Orientations and Their Resulting Projections along the c* and b
Axes, Respectively, the Easy and Intermediate Magnetic Axes of
the Crystal

Figure 4. Field dependence of the normalized magnetization performed
on an oriented single crystal of3 at different temperatures with a sweep-
field rate of 0.002 T/s (top) and with different sweep-field rate at 0.04 K
(bottom). In these experiments, the field was applied in the easy direction
of the crystal, i.e., along thec* axis.
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In order to understand this approach, it is useful to do a
comparison of the magnetization curves reported for both1 and
3 (Figures S3 and 4, respectively). For1, at a strong enough
negative field only themS ) -4 level of theST ) 4 ground
state is populated. As the field is increased, this state remains
the lowest energy one untilH ) 0, at which point the twomS

) (4 states have the same energy. At zero field, two important
events occur: (i) as the probability to be either in themS ) +4
or in themS ) -4 state is the same, the equilibrium magnetiza-
tion is zero even in theT ) 0 K limit; and (ii) the population
between the twomS ) (4 states is equilibrated throughQTM.
The data shown in Figure S3 have been well understood in these
terms as described in ref 14.

Coming back to3, each elementary magnetic unit composing
the chain experiences an effective magnetic field that results
from the applied field (H) and the exchange fields (∑Hex) created
by magnetic interactions with its neighbors:Heff ) H + ∑Hex.
When applying a strong negative dc field to the system, the
spin projections on thec* axis (Scheme 2) are all aligned along
the field direction (S configuration, blue spins, Figure 5). A
similar situation observed for1 at H ) 0 is now found atH )
-H1 (with H1 ) 2Hex ) 0.32 T), when each spin experiences
an effective zero field and thus can flip byQTM. Nevertheless,
in order to understand the peculiar magnetic behavior of3 in
detail (Figures 4 and 5), it is not enough to look at the dynamic
properties of a single spin unit even atH ) -H1, but it is
absolutely necessary to extend the view to the whole chain in
which these spins are connected through magnetic interactions.
Considering that at a temperature low enough only themS )
(4 states of each dinuclear unit are significantly populated, this

system can be described as a chain ofN Ising ST ) 4 spins and
with the following Hamiltonian:

or using the exchange fieldHex defined above:

The lowest-lying configurations of a given magnetization
along the chain easy axisc*, Mr ) gµBST cos(R/2)(N - 2r),
can be labeled by means of an integerr with 0 e r e n with n
) N/2. Starting from the saturation case (S configuration, r)
0), the first excited states are obtained, reversing every second
spin. This mechanism implies a reduction of the exchange
energy (considering thatJ′ < 0) and an increase of the Zeeman
term in the presence of an external field. For the flip of a spin
having two neighbors in the chain, the energy difference with
respect to the saturated configuration (r ) 0) is ∆Er ) gµB

ST
2cos(R/2)(-4Hex + 2|H|)r. The number of excited configu-

rationsΩr corresponding to a givenMr magnetization is obtained
by the binomial coefficient:Ωr ) nCr ) n!/(r!(n - r)!). This
coefficient is maximum forr ) n/2, which can be approximated
using the Stirling’s formula as:

The AF ground state (r ) n, Mr ) 0) and the saturated
configuration (r ) 0, Msat) NgµBST cos(R/2)) are thus separated
by an exponentially large number of chain states with inter-
mediate magnetization. It is worthwhile to note that this
phenomenological argument applies only to relatively long (N)
arrays of antiferromagnetically coupled magnetic units, thus
marking a substantial difference between the present system and
usualSMMs.

Therefore atH ) -H1, all the lowest-energy chain states
possess the same energy (∆Er ) 0) inducing some substantial
differences in the relaxation process in comparison to what
occurs for1 at H ) 0. In spite of the fact that for fields-H1 <
H < 0 the lowest-energy state should be an antiferromagnetic
configuration (AF configuration, black spins, Figure 5), this
latter is, in practice, never attained at low temperature. In fact,
exactly atH ) -H1, QTM of individual spin units allows the
system more likely to go from theS configurationto one of
the many other states labeled byr. As soon asQTM is not
effective (-H1 < H < 0), the system remains “trapped” in one
of these states (schemes of Figure 5). In Figure 4, one can
appreciate how this trapping effect is more and more pronounced
as the temperature is lowered (Figure 4, top) or the field sweep
rate is increased (Figure 4, bottom). It is important to comment
that at H ) -H1 all the chain excited states have negative
magnetization, whereas theAF configuration possesses a zero
magnetization. This situation induces atH ) -H1 that the
magnetization expected forT ) 0 K is not zero but rather an
intermediate value between-Msat and zero. Therefore, as
observed experimentally, the magnetization atH ) -H1, where
QTMoccurs, is not directly jumping from the negative saturated

Figure 5. (Top) M/MS and dM/dH vs H data performed on an oriented
single crystal of3 at 0.04 K with an increasing sweep-field rate of 0.001
T/s (from -1.1 to 1.1 T). (Bottom) Scheme of the spin chain topology
illustrating the observed dynamics (with arrows representing the spin
projection along the dc field,H, applied in thec* direction).

H ) -2J′ST
2 cos(R) ∑
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magnetization to zero as in the case of the isolated dinuclear
complex1 at H ) 0.

In the chain excited states trapped atH ) -H1, while most
of the spin projections are antiferromagnetically arranged, some
spin units experience a total exchange field,∑Hex, equal to zero
(red spins in Figure 5). Hence atH ) 0, QTM can occur for
these spins. Consequently, for a chain state with a given
magnetization, there is always another state with opposite
magnetization which is equally populated (being connected by
QTM). Once this scenario is established, even if a residual
nonequilibrium population of the excited states is present, a
vanishing magnetization is actually observed atH ) 0.

WhenH reachesH1, the field can overcome the interdimer
antiferromagnetic interactions and thus tries to align all theσi

spins along its direction. AboveH1 and likewise between-H1

andH1, some spins stay trapped in one of the numerous chain
exited states, preventing a direct saturation of the magnetization.
Nevertheless, at higher fields around 1.2 T, these trapped spins
finally align with the field due to direct relaxation processes
and spin-spin cross-relaxation.10,25 As one expects, the same
sequence of phenomena, but associated with opposite magne-
tization, is obtained whileH is decreased, starting from positive
large fields.

From this phenomenological description, it is also possible
to estimate the magnetic interaction between [Mn2(salpn)2-
(H2O)2]2+ units considering that atH ) (H1 the Zeeman and
the exchange energies are equal:

Hence, fromH1 ) 0.32 T,J′ can be estimated at-0.03 K in
good agreement with the estimated value from theøT vs T
simulation (Figure 3).

In Figure 5, additional minor steps are observed at(H1/2
((0.16 T). These fields could correspond to the quantum
relaxation of complexes under the influence of only one instead
of two exchange fields (H1/2 ) Hex). Therefore, the simplest
way to explain the presence of these half-field steps is to invoke
the presence of finite-sized chains and the reversal of the spins
occupying the end of opened chains. The flip of one ending
spin in one of the trapped chain states (all with negative
magnetization for-H1 < H < 0) brings an energy change of
∆E ) gµBST cos(R/2)(-2Hex + 2|H|) and also a variation of
the magnetization. Therefore, a relatively small step is actually
expected at a field equal toH1/2. In practice, the relative
magnitude of this jump is to be compared with the average
length of the chains in the system, which is inversely propor-
tional to the probability of having a defect breaking the chains.
The typical lengths estimated for these kinds of compounds6,11a

are consistent with the observation of a 2% (of the saturated
magnetization) jump at half of the field where the major step
occurs. Therefore the chain length in3 can be estimated roughly
at about 100 units.

Slow Relaxation of the Magnetization: Thermally Acti-
vated Relaxation Seen by ac Measurements.The slow
relaxation of the magnetization observed on theM vs H plots
has also been studied using the ac technique above 1.8 K. At
zero dc field, a frequency-dependent out-of-phase ac signal is

detected below 5 K for frequencies ranging from 1 to 1500 Hz
(Figure 6, top). The relaxation time (τ) of 3 deduced from these
measurements follows a thermally activated behavior (Arrhenius
law, Figure 7): τ ) τ0 exp(∆eff/T) with the following param-
eters: τ0 ) 6.5 × 10-7 s and∆eff ) 15.5 K. As expected, due
to the presence of zero-fieldQTM (see Figures 4 and 5), the
obtained energy barrier is lower than the estimated theoretical
gap (vide supra,∆A ) 26.4 K). Therefore, in order to suppress
the quantum relaxation pathway,τ was measured under dc fields.
When H increases, the characteristic frequency at 2.4 K
decreases from 330 Hz atH ) 0 Oe to about 20 Hz at 1500 Oe
(Figure 8). Then this value increases slowly to reach 33 Hz at
0.5 T. The relaxation time measured at 1500 Oe (field at which
τ is the smallest, Figure 8) follows a new Arrhenius law (Figure
7) with τ0 ) 2 × 10-8 s and∆eff ) 31.0 K.

(25) Wernsdorfer, W.; Bhaduri, S.; Tiron, R.; Hendrickson, D. N.; Christou, G.
Phys. ReV. Lett. 2002, 89, 197201.

gµBSTH1 cos(R/2) ) 4|J′|ST
2 cos(R) (i.e.,H1 ) 2Hex)

Figure 6. ø′′ vs T data for ac frequencies ranging from 1 to 1500 Hz
performed at zero dc field (top) and at 1500 Oe (bottom) on a polycrystalline
sample of3.

Figure 7. τ vs T-1 plot obtained at 0 and 1500 Oe dc fields.
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As previously observed inSCMsystems4-6 and in chains of
ferro- or antiferromagnetically coupledSMMs4,11athe observed
dynamics should be modified by the intrachain magnetic
interactions. Applying the approach described in refs 4 and 11a
to the present supramolecular chain of canted antiferromagneti-
cally coupledSMMs, the energy gap of the relaxation time
should be∆τ ) 2∆ê + ∆A within the Ising limit:

Using DMn2/kB ) -1.65 K andJ′/kB ) -0.03 K, ∆τ should
thus be equal to 29.7 K (∆A ) 26.4 K and∆ê ) 1.65 K) in
excellent agreement with the experimental energy gap (∆eff )
31 K). As already shown at low temperature for the quantum
relaxation in the previous paragraph, the thermal relaxation
regime of3 is not the one of a usualSMM. Indeed, the magnetic
interactions along the 1D organization of [Mn2(salpn)2(H2O)2]2+

modulate the pristine behavior expected for isolatedSMM

complexes as, for example, in1.14 As shown here, the inter-
complex interactions induce a magnetic “link” betweenSMM
units, increasing the energy gap of relaxation (∆τ), thus slowing
down the thermal dynamics.

Concluding Remarks

In summary, the present compound contains 1D hydrogen-
bonded organization ofSMM units that is well isolated in the
crystal packing. For the first time, the intricate slow relaxation
of the magnetization in such supramolecular arrangement has
been observed and described at the frontier ofSMM andSCM
behaviors. Unique quantum and thermally activated dynamics
have been detected and rationalized on the basis of the known
SMM behavior of dinuclear MnIII /salen-type complexes14 and
the presence of weak 1D interactions between these types of
units. Below 0.5 K, multiple steps on theM vs H data have
been attributed to the ground-state quantum tunneling of the
magnetization shifted (atH ) (H1) by the intrachain exchange
interactions and revealed in zero field by the presence of trapped
“chain excited states”. Moreover, the impact of the one-
dimensionality on the quantum dynamics is also proved by the
observation of finite-sized chain effects that allow a separated
detection of the ending spins quantum dynamics (atH ) (H1/
2). Above 1.8 K, the thermally activated regime of3 has been
studied in zero field and also in a small dc field in order to
prevent the quantum tunneling pathway of relaxation. Its
characteristic relaxation time follows an activated behavior with
an energy gap (∆eff ) 31.0 K) that can be understood by
applying the relaxation approach used for Ising-typeSCM
systems (∆τ ) 2∆ê + ∆A ) 29.7 K). If the thermally activated
relaxation of [Mn2(salpn)2(H2O)2](ClO4)2 is very similar to the
one observed inSCMsand related 1D systems,4-7,11the presence
of magnetization quantum tunneling clearly indicates that the
observed behavior originates from a molecular origin and the
SMM properties of the [Mn2(salpn)2(H2O)2]2+ unit. Following
the denomination used by Wernsdorfer et al.,12 this system could
be qualified as a “one-dimensional exchange-coupledSMM”.
Finally, this work illustrates nicely that the quantum and
thermally activated relaxations of aSMM can be tuned and
modulated by playing at the molecular level on supramolecular
interactions and their organization.
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Figure 8. (Top) Frequency dependence of the out-of-phase susceptibility
performed on a polycrystalline sample of3 at 2.4 K with different dc fields.
(Bottom) Field dependence of the characteristic frequency at 2.4 K deduced
from theø′′ vs ν plot given on the right.
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